The techniques of chemical ligation have attracted great attention as an alternative to enzymatic joining of DNA ends. Here we introduce the photoligation of anthracene-modified ODN conjugates through anthracene cyclodimer formation. The effect of the positions and the kinds of single base mismatch on the template was evaluated using eight templates with one-base displacements. We found out that the yield of the ligation was affected by mispairing in a positiondependent manner. Such results would be attributed to the disruption of the local structure at the ligation site.
Introduction
DNA ligase-based techniques are widely used in gene diagnoses because of their high sequence fidelity. 1, 2 The ratio of the initial rate of the enzymatic reactions for the substrates with match/mismatch at 3′-end is very high, at 10 2 -10 3 . 3, 4 To work accurately, however, the enzymatic methods require some specific conditions such as certain pH, temperature, coexisting divalent metal ions, and cofactors. Recently, chemical ligation, non-enzymatic joining of DNA ends by covalent bonds, has attracted a great deal of interest, because it is free from most of the restrictions that ligases require. [5] [6] [7] [8] [9] [10] This novel technique would be useful for not only biomedical but also synthetic applications such as construction of DNA-based unique nanostructures. [11] [12] [13] Among the various methods for templatedirected chemical ligation reported so far, photoligation has several advantages, including the lack of a need for additives, low cost, and ease of reaction control by wavelength, light strength, and irradiation time. However, there have been only a limited number of reports concerning ligations based on photochemical reactions. [14] [15] [16] Here, we attached an anthracene group as a handle to one end of oligodeoxyribonucleotides (ODNs) to make anthracene-ODN conjugates. Anthracene readily forms photoadducts, anthracene dimers, and this photodimerization reaction has been characterized in detail. 17, 18 Although the yields of anthracene dimer formation in diluted solutions are generally low, the reactions proceed efficiently under particular conditions, such as in the cavity of cyclodextrin, because of the concentration effect in a microenvironment. [19] [20] [21] DNA should function as a good scaffolding to provide such a microenvironment if the system is designed carefully for close proximity and spatial alignment of the reaction partners.
We previously reported the ligation between two anthracene-ODN conjugates through anthracene dimer formation and applied it to SNP (single nucleotide polymorphism) analysis. 14 The ligation efficiency of 6 mer conjugates highly depended on the single base displacements on the templates (target). The difference in thermal stability of the duplexes caused by mispairing was involved to discriminate SNPs. In this system, therefore, the probe ODNs (anthracene conjugates) should be short enough to attain a higher selectivity. Short probes, however, would not work in diluted solution because of their lower affinity to the targets. Therefore the SNP discrimination principle itself should be modified to achieve both high fidelity and high affinity. Here we used longer conjugates (15 mer) to ensure high affinity. The sequences of the conjugates were designed so that the bases of mispairings were located around the end where the anthracene was tethered. We hypothesized that the local structural disruption around the ligation point would affect the efficiency of the reaction, similarly to what ligase does (Fig. 1) . In this report, we examined the effect of the position of the mispairing on the yield of photochemical ligation between anthracene-modified ODNs. 
Experimental

Reagents and apparatus
The 15 mer ODNs carrying 5′-or 3′-terminal amino groups through trimethylene linker chain (5′amino(C3)15 and 3′amino(C3)15) were purchased from Operon Biotechnologies, Inc. (USA). Template ODNs and unmodified 15 mer ODNs were all purchased from Hokkaido System Science Co., Ltd. (Japan) or synthesized according to the conventional procedure using automated DNA synthesizer (Expedite 8900, Applied Biosystems). All reagents were of the highest grade commercially available and were used without further purification.
ODNs were purified with conventional two-step procedure with RP-HPLC (reversed phase HPLC) (linear gradient: 0.1 M triethylammonium acetate (TEAA, pH 7.0)/acetonitrile) using Wakosil-II 5C18 or Inertsil ODS-3 column. 22 All purified ODNs were identified with MALDI-TOF mass spectrometry (Voyager RP, PerSeptive Biosystems). UV-melting experiments were carried out on a 1650pc UV-Vis spectrophotometer equipped with a Peltier thermal controller (Shimadzu). Irradiations were performed using a Ushio high pressure mercury lamp.
Synthesis of anthracene-ODN conjugates and melting studies
Two conjugates 5′ant(C3)15 and 3′ant(C3)15 were synthesized by the coupling of primary amino groups of 5′amino(C3)15 and 3′amino(C3)15, respectively, with succinimidyl 1-anthracene carbonate, purified by RP-HPLC, and subsequently identified with MALDI-TOF/MS.
Thermal denaturation experiments were carried out in phosphate buffer solution (10 mM, pH 7.0) containing 1 mM EDTA on a UV/Vis spectrophotometer equipped with a Peltier thermal controller. 23 The concentrations of each component of the ternary duplexes were all 1 μM. Prior to the beginning of each denaturation experiment, the samples were degassed at 85˚C for 5 min and then annealed with slow cooling to 0˚C. After equilibration for 30 min at 0˚C, the solutions were heated slowly at a rate of 0.5 deg min -1 with blowing dry N2 gas, only below room temperature, over the cuvette to prevent dew condensation.
The melting profiles were monitored by absorption change at 260 nm. The temperature that gives the maximum of the first derivative of the melting curve, Tmax, was used as a measure of the thermal stabilities of the duplexes.
Photoligation of the conjugates on fullmatch and mismatch templates
The reaction mixture containing 5′ant(C3)15 and 3′ant(C3)15 in the presence of fullmatch or mismatch template (each 30.3 μM) in 10 mM phosphate buffer (1 mM EDTA, pH 7.0) was irradiated with high pressure Hg lamp at 0˚C for 30 s, 1, 3, 5, 10, and 30 min, and then subjected to RP-HPLC analysis. RP-HPLC was carried out with the same solution system as that used in ODN purification. Elution of the reaction products was monitored by absorption at 260 nm.
Results and Discussion
The structure of the anthracene-ODN conjugates (5′ant(C3)15 and 3′ant(C3)15) and template sequences are shown in Fig. 2 . We chose appropriate length and GC content for the sequences of the templates and conjugates to ensure their stable duplex structure under the condition of photoirradiation without any additional salt, which could diminish reproducibility of the retention time in HPLC analysis. The sequences of the conjugates were designed to be symmetric with each other to simplify UV-melting and HPLC analyses. The conjugates bind adjacent sequences of the templates with their anthracene units directed such that they stacked with each other. The yields of the final coupling in conjugate syntheses were around 50 -80%. Before conducting the ligation, we investigated the thermal stabilities of tandem duplexes consisting of the conjugates and the templates by UV-melting experiments. Representatives of the melting curves are shown in Fig. 3 . Change of the absorbance at 260 nm versus temperature gave typical sigmoidal melting curves for all duplexes except for those of mm(-3C) and mm(+3C), which showed broad or pseudo 174 ANALYTICAL SCIENCES JANUARY 2008, VOL. 24 biphasic transition. Here we used a pair of the conjugates that have symmetric sequences of each other. Therefore, the two conjugates were expected to dissociate almost simultaneously, because the thermal stabilities of the two duplex parts are close to each other. Generally, mispairing at inner positions would affect the duplex stability more than mispairing at the terminals. The thermal stabilities of adjacent two duplexes consisting of the two conjugates and mm(-3C) or mm(+3C) were probably so different that they melted somewhat independently. Tmax values for the duplexes estimated from the melting curves are summarized in Table 1 . While all mispairings caused a reduction in duplex stabilities to some extent, all Tmax were more than 35˚C. Tmax value of the tandem duplexes of the conjugates with fm (45.0˚C) was higher than that of the corresponding unmodified ODNs (43.5˚C) by 1.5˚C. This slight enhancement in thermal stability would be due to the π-π stacking interaction of anthracene units. That would be favorable for anthracene dimer formation.
The photoirradiation experiments (366 nm) were carried out at 0˚C, which is much lower than Tmaxs of all the tandem duplexes. It means that both of the conjugates form duplexes tightly under the experimental conditions.
The products formed after photoirradiation were analyzed using RP-HPLC. Chromatograms of the samples before and after 3 min photoirradiation are shown in Fig. 4 . Both conjugates eluted almost concurrently at 18.5 min. The two new peaks (19.5 -21 .0 min) that appeared after irradiation were identified as the photodimers by MALDI-TOF/MS spectrometry. Up to eight structural and optical isomers of anthracene dimers could form in theory in this system. Each of the two photodimers observed here could be one of the eight isomers of anthracene dimer.
We investigated the effect of the position of C-C mispairing on the yield of photodimerization reaction using the six different mismatch templates, mm(nC), shown in Fig. 2. A series of the templates were designed so that each contains a mismatch base in the vicinity of the ligation point from -3 to +3. Figure 5(a) shows the time courses of the reaction for the duplexes with mm(+1C), mm(+2C), and mm(+3C). Formation of dimer was affected by one-base displacements in a positiondependent manner. The dimerization yields after 3 min irradiation are summarized in Fig. 5(b) . Among the six mismatch duplexes containing a mispairing at -3, -2, -1, +1, +2, and +3 positions, mispairing at +1 position seemed to be most effective. All the conjugates form tandem duplexes regardless of the kinds of the templates at 0˚C, at which the photoligation experiments were carried out. Therefore, the difference in the ligation yields observed here should be attributed to the difference in the extent of local structural disruption in the duplexes. In fact, barring an exception of -2/-1 reversion, which is reproducible, the results showed the reasonable tendency that the mismatch closer to the reaction point affects more than one at inner positions in both sequences. Although the yields for all duplexes seem to reach almost the same level in due course of time, if the reactions are stopped at a shorter appropriate irradiation time (1 -3 min), the system would provide the yields with high contrast between fullmatch and C-C mismatch sequences. Reaction time in the conventional enzymatic ligation protocols is typically 1 -2 h. 23 In contrast, photochemical ligation between anthracene-ODN conjugates takes only several minutes. This could substantially reduce the time required for analysis.
We investigated the effect of other mispairings on the yield of photochemical ligation. Irradiation experiments were carried out under the same conditions using two template ODNs containing A and T at +1 position (mm(+1A) and mm(+1T)), which give C-A and C-T mispairings, respectively. Table 2 shows the ligation yields after 1 min irradiation. The order of magnitude of the ligation yields was C-G > C-A > C-T > C-C. Geometrically more distorted base-pairs seemed to show lower ligation yields, probably because the distortion on DNA backbone would affect the static or dynamic geometry between anthracene units at the ends of the both conjugates. In fact, this coincides with the order of the incorporation rate of dNTPs for C by DNA polymerase. 24 It is known that polymerases also make proofreading by checking a proper geometric alignment of base pairs. 25 The ligation yields obtained for the duplexes with a different mispairing would be another piece of evidence that the ligation between the conjugates is affected by the local structures around the reaction center.
Conclusion
Here we showed that the yield of photochemical ligation between anthracene-ODN conjugates is affected by local structural disruption resulting from mispairing in the duplexes. The position and kind of mispairings showed moderate effects on the ligation yields. In the assay based on a subtle difference in thermal stability of the duplexes, strict temperature control is essential depending on the sequences of the targets. 26 In contrast, the present system could be operated at constant temperature regardless of the sequences of the templates. However, we need to improve the contrast of ligation yields between fullmatch and mismatch duplexes to apply the present system for SNP analysis. This could be done by tuning the structure of the conjugates. ANALYTICAL SCIENCES JANUARY 2008, VOL. 24 Table 2 
